ABSTRACT. A primary culture of undigested fat tissue fragments was used to obtain fat cells in vitro. On day 2 of culture, immature fat cells, which are fibroblast-like fat cells containing fine lipid droplets, appeared, surrounding the fat tissue fragments, and began to proliferate extensively. Afterwards, these fibroblast-like fat cells grew to become multilocular fat cells containing larger intracytoplasmic lipid droplets, and differentiated further into unilocular fat cells containing a single large intracytoplasmic lipid droplet.
Mature white fat tissue, which consists of mature fat cells and immature fat cells, plays an important role in the storage of energy and lipid metabolism. Fat cells have many kinds of hormone receptors, and are meta- bolicallyactive (1, 2, ll, 12, 15, 19, 20, 27, 28, 29) . A cell biological study of fat cells would be most helpful in elucidating the mechanism of obesity. However, only a few studies on cellular behavior of fat cells in vitro have been reported, due to the difficulty of culturing fat cells.
Mature fat cells, called unilocular fat cells, have a large single intracytoplasmic lipid droplet, and have been considered to be technically difficult to culture because of their buoyancy in culture media (12, 28) . For this reason, most of the studies on fat cells have been carried out using biochemical methods on dissociated fat cells obtained from collagenase-digested mature fat tissue (20) or monolayer culture of immature fat cells, called preadipocytes (1, 2, ll, 12, 19, 27, 28, 29) , and established cell lines of preadipocytes (9, 15) . Recently, Sugihara, et al. (23, 24, 26 ) described a new
Abbreviations: dibutyryl-CAMP, N6-2'-dibutyryl adenosine-3 -5'-cyclic monophosphate Na salt; HSL, Hormone-sensitive lipase; a-GPDH, a-Glycerophosphate dehydrogenase; G6PDH, Glucosesphosphate dehydrogenase; pan-ras oncogene products, H-, K-and Nras oncogeneproducts. method designated as "ceiling culture", by which unilocular fat cells can be cultured by making use of their buoyant tendency. By this method, dissociated unilocular fat cells adhered to the inner upper surface (ceiling surface) in a medium-filled flask. Afterwards, they changed into fibroblast-like fat cells and proliferated extensively until reaching con fluency. As mentioned above, this was a culture method using digested fat cells. Sugihara et al. (25) then developed a similar method that was applicable to fat tissue, because it is most commonin cell biological studies to use undigested tissue fragments. This can also be called a ceiling culture method because the tissue fragments float in the culture medium. Fibroblast-like fat cells derived from undigested mature fat tissue fragments appeared around the tissue fragments, where they proliferated extensively.
After becoming con fluent, they differentiated at a high rate into multilocular and unilocular fat cells. These phenomena, that is, the proliferation and differentiation of fat cells from mature fat tissue, appear to reflect the physiological cell behavior of fat tissue in vivo.
Here, I present a histochemical study of cellular morphology and function in lipolysis and lipogenesis, the two principle characteristics of fat cells, using a primary culture of fat tissue.
Materials. The material used for culture was abdominal subcutaneous fat tissue obtained from 6-to 7-day-old male Wistar rats. Cell culture. The primary culture to obtain fat cells in vitro was based on the new method of "ceiling culture", which was reported elsewhere (23, 24, 26) . The present method, however, differs from the original method in that instead of using fat cells dissociated with collagenase, undigested fat tissue fragments were employed (25) . It also differs from the original "ceiling culture" method because the adherence surface of the floating fat tissue fragments was not the inner surface of the flask, but the undersurface of a cover glass (this method was reported by Kumei et al.) (14) . The cover glass method was used because it is more convenient in cytochemical procedures using cultured fat cells (Fig. 1) . Briefly, fat tissue from the rat was chopped into very small pieces (0.2-0.3 mm) and centrifuged at low speed (700 rpm) in a buffer solution. The floating tissue fragments consisting of rich mature fat cells were obtained. These fragments were incubated in medium,and a cover glass was floated on the medium. This culture dish was incubated at 37°C and in 5% CO2. On day 2 of culture, the incubated fat tissue fragments, which rose to the top of the medium, tightly adhered to the undersurface of the cover glass. At this time, the cover glass was inverted and sunk into the mediumin order to revert to regular culture conditions. The culture mediumconsisted of Ham-F12 supplemented with 20%newborn calf serum and 50 ptg /ml gentamicin.
Chemicals added to the cultured cells. The following chemicals were added to some cultures: 1) 1 mMN6-2'-dibutyryl adenosine-3'-5'-cyclic monophosphate Na salt (dibutyrylcAMP(Seikagaku-kogyo, Japan), which is a second messenger for lypolytic factor and promotes lipolysis; and 2) 1 mU /ml insulin (Sigma, St. Louis, MO), which promotes lipogene- . Mature white fat tissue was chopped into small pieces and centrifuged. Sediments were not used in this culture. In methodA, in which fat tissue fragments are incubated in a flask that was filled with medium, the fragments attached themselves to the inner upper surface of the flask (ceiling surface). In method B, in which floating tissue fragments covered with a cover glass were incubated in a culture dish, the fragments floated to the top of the medium and adhered to the undersurface of the cover glass. Whenthe fragments had firmly attached themselves, the flasks were placed upside down to allow for regular observation. Fibroblast-like fat cells proliferated extensively from the tissue fragments. cells were counted to estimate the labeling index. 6) immunohistochemical examinations: 1. rearrangement of the vimentin cytoskeleton during adipose conversion using monoclonal anti-vimentin antibody (Labosystems OY, Helsinki) (5); 2. localization of S-100 protein, which is considered to be a carrier protein in the cytoplasm of fat cells, using monoclonal anti-S-100 protein antibody (Chemicon International, California) (10);
3. expression of c-neu oncogene product of cell proliferation using monoclonal anti-c-neu oncogene product antibody (Oncogene science, Inc., NewYork) (13); 4. expression of pan-ras (H-, K-, N-ras) oncogene products of cell proliferation using monoclonal anti-pan-ras oncogene products antibody (Oncogene Science, Inc., New York) (6). In these immuno-histochemistries, reaction products were revealed by the diaminobenzidine (DAB) method described above.
RESULTS
Cell culture. In a ceiling culture of fat tissue fragments, fragments became attached to the undersurface of a floating cover glass on day 2 of culture. Some fibroblast-like fat cells which had a few fine intracytoplasmic lipid droplets appeared around those fat tissue fragments, and began to proliferate extensively ( Fig. 2A ).
On day 3 of culture, these fibroblast-like cells grew to multilocular fat cells containing enlarged intracytoplasmic lipid droplets (Fig. 2B) . The intracytoplasmic lipid droplets increased in number, and grew larger, finally differentiating into unilocular fat cells containing a single large lipid droplet (Fig. 2C) . These droplets were positive by Oil red O stain which was taken as an indication of differentiation of the fat cells. Upon further culturing, the fat cells grew to con fluency. The cultured fat cells were roughly divided into three groups according to their state of differentiation and proliferative potentiality: immature proliferative fibroblast-like fat cells, transitional typed-multilocular fat cells and mature differentiated unilocular fat cells. The proliferative potentiality of these cells wasconfirmed by uptake of BrdU. In the examination of BrdUuptake, the nuclei of fibroblast-like fat cells were positively immunostained with anti-BrdU antibody at a rate of 15 to 20% for 3 hours on day 3 of culture, and the rates of positive staining of multilocular fat cells and unilocular fat cells were both below 1% (Fig. 3) (Fig. 4A, B) .
On the other hand, addition of 1 mU/ml insulin to the medium for 7 days caused lipogenesis: the cultured fat cells enlarged and became rounder in conjunction with the increase in intracytoplasmic lipid droplets. In the fibroblast-like fat cells, the nuclei moved to the cen- ter of the cell and the cytoplasm was full of similarsized intracytoplasmic lipid droplets (Fig. 5A, B) . In the unilocular fat cells, the intracytoplasmic lipid droplets became enlarged (Fig. 5C ). These droplets were clearly observed with Oil red O staining. B) Enzyme histochemicalfindings.
In the non-treatment group of fibroblast-like cells, multilocular fat cells and unilocular fat cells, I examined the histochemical enzymeactivities of three enzymes which reflect the function of fat cells: G6PDHactivity related to glucose metabolism and non-specific cellular function, HSLactivity related to lipolysis and a-GPDHactivity related to lipogenesis. The fibroblast-like fat cells showed slight histochemical activity for each of the three enzymes. The unilocular fat cells showed comparatively strong histochemical activity of the three enzymes, and the multilocular fat cells exhibited moderate histochemical enzymatic activity (Fig. 6A, 7A, 8A ).
Upon lipolytic stimulation by treatment with dibutyryl-CAMP, the fibroblast-like fat cells failed to show clear histochemical enzyme activity of any of the three enzymes. The multilocular and unilocular fat cells, on the other hand, showed increased histochemical enzyme activity of HSL (Fig. 6B) . In particular, a marked increase of HSLactivity was found in the unilocular fat clear histochemical enzyme activity of any of the three enzymes. In contrast, the multilocular and unilocular fat cells had increased activity of a-GPDH (Fig. 7B) .
Conversely, the HSLactivity of these cells decreased (Fig. 8B) . These changes in enzyme activity were particularly striking in the unilocular fat cells. On the other hand, there was little change in G6PDHactivity in multilocular and unilocular fat cells.
Immuno-cytochemical localization of vimentin and S-100protein. In the fibroblast-like fat cells, vimentin appeared in bundles extending over most of the cytoplasm. On the other hand, in multilocular and unilocular fat cells, the adipose conversion was moreadvanced and vimentin filaments appeared in a thin rim or crescent, surrounding the intracytoplasmic lipid droplets (Fig. 9A, 10A ). Following lipolytic stimulation by treatment with dibutyryl-CAMP, the vimentin filaments surrounding the intracytoplasmic lipid droplets became unclear in conjunction with a reduction of intracytoplasmic lipid droplets (Fig. 9B Expression of c-neu and pan-ras oncogene products. The c-neu oncogene product was expressed in the cultured fibroblast-like, multilocular and unilocular fat cells, but the pan-ras oncogene products were not expressed in any of the cultured fat cells. On the other hand, while the c-neu oncogeneproduct wasexpressed in the histochemical section of the abdominal subcutaneous fat tissue of newborn rat, they were not found in that of mature rat. The pan-ras oncogene products were not expressed in either fat tissue. These figures are not shown. like fat cells, with a small number of fine intracytoplasmic lipid droplets, which appeared immediately to surround the tissue fragments and proliferated extensively. The second phase is the multilocular fat cells, which have numerous large intracytoplasmic lipid droplets, resulting from lipogenesis of the above-mentioned cells. The third phase of the cells is the unilocular fat cells, with a single large intracytoplasmic droplet, which grew by means of further lipogenesis.
Histochemically, the fibroblast-like fat cells showed low enzyme activity of both HSLparticipating in lipolysis and a-GPDH participating in lipogenesis. On the other hand, the histochemical enzyme activities of the unilocular fat cells were high in both cases. The multilocular fat cells showed moderate enzyme activity. The enzymeactivities of multilocular and unilocular fat cells were clearly elevated by administration of dibutyrylcAMP,which is a second messenger of the lipolytic factors (e.g., epinephrine, ACTH, etc.), and treatment with insulin. The above demonstrates that cultured fat cells derived from tissue fragments actively metabolize triglycerides and respond to hormones. The potential proliferative abilities of the cultured fat cells, which were confirmed by uptake of bromo-deoxyuridine, were higher in fibroblast like fat cells than in unilocular fat cells, and moderate in multilocular fat cells. This indicates that the proliferative ability of cultured fat cells is dependent on cellular morphology. It was determined that the fibroblast-like fat cell is the proliferating type, the unilocular fat cell is the mature type and the multilocular fat cell is the transitional cell type. In addition, I observed the functional changes in conjunction with morphological ones: the cells retracted along with small lipid droplet formation in lipolysis, and became rounded with increases in size of these droplets during lipogenesis (Fig. ll) . The ability to simultaneously observe morphologyand function of fat cells is an advantage of the enzyme-cytochemical method. It is thought that the strong HSLactivity, exhibited in fat cells with increased intracytoplasmic lipid droplets in lipolysis is dependent on the size of the lipid droplets which reflects the fundamental nature of the enzyme, that is, the amount of triglycerides. Further, judging from the radial arrangement of decreased lipid droplets, it can be presumed that the lipid droplets migrate to the peripheral cytoplasm along radially arranged microtubles (22) . It is, therefore, thought that the migrated lipid droplets in the surface area, which expanded by retraction of the cell, are easily metabolized in order to be released from the cell to the extracellular space in the cell membrane. On the other hand, it is thought that the increase and enlargement of the intracytoplasmic lipid droplets by insulin are due to two chemical actions; one is the activation of lipogenesis which is reflected by the increase of a-GPDH activity and the other is the anti-lipolytic action that reflected the inhibition of HSL activity (28). It was presumed that vimentin, which is an inter-PROLIFERATION DIFFERENTIATION PHASE PHASE fibroblast-like multilocular fat cell fat ceu unilocular fatcell The oncogene product of c-neu, which is homologous with the receptor protein to epidermal growth factor (EGF), was expressed in subcutaneous fat tissue in vivo of the newborn rat, but not in that of the mature rat. In culture, c-neu oncogene product was strongly expressed in fibroblast-like fat cells, i.e., highly proliferative fat cells.
In conclusion, fat cells in primary culture of this study clearly demonstrate a proliferative ability, and possess the proper morphologyand functions associated with the respective developmental phase (Fig. 12) . The simple method of culturing fat tissue fragments makes it possible to obtain a variety of fat cells in vitro, and can be applied to cell biological studies of fat cells.
